Intrinsically tunable 0.67BiFeO 3 À0.33BaTiO 3 (BF-BT) thin film bulk acoustic wave resonators with record high tunability of 4.4% and effective electromechanical coupling coefficient of 10% are fabricated and analyzed. The analysis, based on the theory of the dc field induced piezoelectric effect with the mechanical loading by the electrodes taken into account, reveals that the enhanced parameters are associated with the inherently high BF-BT electrostriction coefficient, which is found to be 5.9 Â 10 10 m/F. The Q-factor of the BF-BT resonators is up to 220 at 4.1 GHz and is limited mainly by acoustic wave scattering at reflection from a relatively rough top interface. The BSTO bulk acoustic wave solidly mounted resonators (BAW-SMRs), with an improved Q-factor reveal a product of the Q and frequency Qf % 1900 GHz, which is already sufficient for practical applications in, e.g., tunable filters. However, the tunability of the resonance frequency and effective electromechanical coupling coefficient of these BAW-SMRs, 2% and 4.4%, respectively, are still lower than required.
The electrically tunable thin film bulk acoustic wave resonators, utilizing electric field induced piezoelectric effect in paraelectric phase ferroelectrics Ba x Sr 1Àx TiO 3 (BSTO), have been intensively developed for the last five years. [1] [2] [3] [4] [5] [6] [7] The BSTO bulk acoustic wave solidly mounted resonators (BAW-SMRs), with an improved Q-factor reveal a product of the Q and frequency Qf % 1900 GHz, which is already sufficient for practical applications in, e.g., tunable filters. 8 However, the tunability of the resonance frequency and effective electromechanical coupling coefficient of these BAW-SMRs, 2% and 4.4%, respectively, are still lower than required. 7 For applications in agile front ends of the advanced transceivers that are used in microwave communication systems, the tunability of the BAW resonators should be more than 5%. The required coupling coefficient is defined by the system bandwidth and it should be 6.5% and higher, for example, personal communication systems. 9 Recently, the BSTO BAW-SMRs with a tunability and coupling coefficient of 3.8% and 7.1%, respectively, have been reported, though their Qf % 720 GHz is rather low. 6 The BAW resonators utilizing polar phase ferroelectric PZT revealed the highest tunability of 5% and a coupling coefficient of 30%. 10, 11 However, the hysteresis, which is typically comparable with the tunability, significantly limits their applications. In this paper, we demonstrate that applying the recently developed model of the dc field induced piezoelectric effect (Ref. 1) to available material parameters allows a selection of the 0.67BiFeO 3 -0.33BaTiO 3 (BF-BT) multiferroic as the piezoelectric layer for BAW resonators with higher tunability and coupling coefficient.
In this model of the field induced piezoelectric effect in a non-loaded ferroelectric film, the following relation between the electromechanical coupling factor k 2 f and the relative tunability of permittivity n r has been established
where q, b, and c 0 are the corresponding components of the tensors of linear electrostriction, dielectric nonlinearity, and elastic constant at dc field E dc ¼ 0, respectively. The dc bias dependent tunabilities of the series (n sf ) and parallel (n pf ) resonance frequencies may be described in terms of n r as
where c % m/8q 2 e, l % e b /e, m and e b are the corresponding components of the tensors of nonlinear electrostriction and the background permittivity, respectively. It can be seen that the coupling factor and tunability of the resonance frequency are proportional to q 2 . Thus, one way to increase the tunability and coupling factor is the selection of materials with a higher electrostriction coefficient. Simple calculations, using data of the direct piezoelectric effect measurements, indicate that the Mn modified BF-BT ceramic, for example, reveals q BF-BT ¼ 13.93 Â 10 10 m/F, which is more than 10 times higher than the q BSTO ¼ 1.08 Â 10 10 m/F of the Ba 0.3 Sr 0.7 TiO 3 ceramic. 12, 13 In this work, the BF-BT BAW-SMR test structures are fabricated on high resistive Si substrates with SiO 2 /W Bragg reflectors. 8 The BF-BT films are grown by pulsed laser deposition using a 0.1 wt. % MnO 2 doped 0.67BiFeO 3 -0.33BaTiO 3 target. The 100 nm thick Al and Pt layers are used as top and bottom electrodes, respectively. The top electrode diameter is 60 lm. The thickness of the BF-BT films used in analysis below is 330 nm, unless otherwise indicated. The series (f s ) and parallel (f p ) resonance frequencies are determined at the maximum of the real parts of the complex admittance and impedance, respectively. The relative tunability of permittivity is a)
Author to whom correspondence should be addressed. 0) is the resonance frequency at electric field extrapolated to E dc ¼ 0. The effective electromechanical coupling coefficient of a loaded BAW-SMR is calculated as
According to Eqs. (1)- (3), the non-loaded tunability and coupling factor are linear functions of the relative tunability of permittivity. Fig. 1 shows the dependences of the permittivity of the BF-BT films on dc bias for one cycle of the dc bias voltage, measured at 1 MHz and at the resonance frequency of 4.2 GHz. The inset shows the frequency dependence of permittivity at E dc ¼ 0. It can be seen that there is rather strong frequency dispersion of permittivity with visible hysteresis at 1 MHz. The hysteresis at 4.2 GHz is significantly lower. The relative tunability of permittivity is reduced correspondingly from 39% down to 21%. This behaviour can be attributed to the contribution of irreversible polarization associated with domain wall vibrations with distributed relaxation frequency since the ceramic counterpart Curie temperature is 605 C. 14, 15 The weak resonance peak visible in the frequency dependence of permittivity without dc electric filed (see inset in Fig. 1 ) is associated with a dc field independent part of the piezoelectric coefficient. This contribution is negligible in comparison with that of the dc field induced piezoelectric effect utilized in the considered intrinsically tunable BAW-SMRs. Fig. 2 shows the tuning performance of the BF-BT BAW-SMRs. It can be seen that the series resonance frequency shifts down with the increasing dc bias field, which is in agreement with the theory. 16 The tunability of series resonance frequency is 4.4% and the effective electromechanical coupling coefficient is 10% at 14 V. Hysteresis of the series resonance frequency is below 0.2%, which is much less than the tunability and can be ignored for practical applications. These n s and k 2 eff values are the highest that have been reported so far for intrinsically tunable BAW resonators without hysteresis. The parallel resonance frequency reveals much weaker field dependence with a tunability of only 0.35%. This is in agreement with Eqs. (2) and (3), assuming that c þ l=2 ( 1, which makes 4/p 2 the leading term in Eq. (2). 16 The mechanical load of the piezoelectric layer, by the electrodes, results in reduced values of the BAW resonator tunability and effective electromechanical coupling coefficient in comparison with the intrinsic parameters due to the loss of acoustic energy in the non-piezoelectric electrodes. 16, 17 However, modelling has shown that the dc bias field dependence of the resonance behaviour of the loaded piezoelectric layer follows the same trend as in the non-loaded case. 16 Thus, the BAW resonator tunability of resonance frequency and effective electromechanical coupling coefficient remain linear functions of the relative tunability of permittivity as in Eqs. (1)-(3) . Fig. 3 shows the effective electromechanical coupling coefficient of the BF-BT BAW-SMR versus relative tunability of the permittivity. For comparison, the corresponding data for a BAW-SMR based on a 290 nm thick Ba 0.25 Sr 0.75 TiO 3 film deposited by magnetron sputtering are also shown. 7 It can be seen that both dependences can be approximated by linear functions. The slope is larger for the BF-BT BAW-SMR, which implies a 10 times larger coupling coefficient at the same relative tunability. The main reason for this is higher proportionality coefficient in Eq. (1). Our calculations show that the parameters b and c 0 of both materials do not differ much and, hence, the 10 times larger coupling coefficient of the BF-BT BAW-SMR is associated mainly with the larger electrostriction coefficient q. It should be noted that the relative tunability of permittivity of the BF-BT films is limited in comparison with that of the BSTO films (Fig. 3) by the break down field, which is more than 3 times lower than that currently achieved in the BSTO BAW-SMRs E dc ¼ 170 V/lm. 7 Subtracting Eqs. (2) and (3) gives tunability difference 1 This confirms the validity of the model in the case of the BF-BT films. Additionally, one can conclude that the BAW-SMR tunability difference and coupling coefficient are the same functions of the electrode thickness in the whole thickness range starting from zero. Fig. 4 shows the effective electromechanical coupling coefficient versus the relative tunability of permittivity for different thicknesses of the BF-BT film. It can be seen that for smaller thicknesses of the BF-BT film, the coupling coefficient is smaller. This trend demonstrates the effect of loading of the BAW resonators by electrodes since a change in the thickness of the BF-BT film can be interpreted as a relative change in the electrode thicknesses. As mentioned above, this effect results in a reduction in the acoustic energy in the piezoelectric film relative to the energy in the passive electrodes.
Analysis of Eq. (1) indicates that the electrostriction coefficient q can be evaluated, for example, by extrapolating the electrode thickness dependence of the effective electromechanical coupling coefficient to zero electrode thickness. Fig. 4 shows the dependence of the ratio k 2 eff =n r on the relative thickness of the electrodes (t Al þ t Pt )/t BF-BT . As seen, a linear extrapolation of this dependence gives k 2 eff =n r ¼ 0:65 at zero electrode thickness. Using Eq. (1), one obtains q ¼ 5.9 Â 10 10 m/F which is 5 times larger than the q BSTO . 13 Similar extrapolations made for tunability and coupling coefficient give the corresponding parameters of the non-loaded BF-BT film: n sf ¼ 5.4%, k 2 eff ¼ 14%. The tunability and coupling coefficient of the BF-BT BAW-SMRs can be further improved in, at least, two ways or their combination. The first is to increase the breakdown field up to the values currently achieved in the BSTO BAW-SMRs, where (Fig. 3) , by proper doping and/or interface optimization. This will allow for the application of a higher dc bias and increase the tunability up to n s ¼ 15% and the coupling coefficient up to k 2 eff ¼ 30%, in the case of using the conventional electrode design. A second possibility is to use composite electrodes with lower acoustic thickness, such as, e.g., W/Pt, which concentrates the acoustic wave in the piezoelectric layer and, thereby, increases the tunability and coupling coefficient up to non-loaded values. 17 The Q-factors of the BF-BT BAW-SMRs at series (Q s ) and parallel (Q p ) resonances have been evaluated as
where u is the phase of impedance. The measured u is shown in Fig. 5 in the frequency range of resonances at different dc bias voltages. The corresponding Q s and Q p calculated using Eq. (6) are shown in Fig. 6 . The Q-factors approach zero values at low dc fields due to the nature of the field induced piezoelectric effect. To determine the Q-factor associated with acoustic loss only (Q m ), we analyzed the modified Butterworth-Van Dyke (mBVD) circuit model shown in Fig. 7 .
The indexes "m" and "0" denote the motional and dielectric arms, respectively. The parameters of the mBVD equivalent circuit have been found by fitting the calculated phase of impedance to the measured values. The best fits have been obtained by taking into account the extrinsic series resistance (R s ), parasitic inductance (L s ), and parallel capacitance (C p ) associated with the measurement setup, as shown in Fig. 7 . As an example, the phase of impedance calculated for 14 V dc bias is shown in Fig. 5 by open circles. The corresponding mBVD circuit parameters are given in Table I . The definition (6) allows expression of the Q-factors in terms of the mBVD circuit parameters, ignoring the parasitic C p and L s , as
and calculation of the purely mechanical Q-factor as Fig. 6 shows Q m calculated using Eq. (9). The Q s and Q p are significantly lower than the Q m values since R s and R 0 dominate over R m , see Eqs. (7), (8) , and Table I . The R 0 represents dielectric losses in the BF-BT film. For comparison, the loss tangent of the BF-BT bulk counterpart calculated using the virtual crystal approximation corresponds to R 0-bulk % 0.7, at 4 GHz. 19, 20 The R 0 % 0.9 is fairly comparable with that of the bulk and slightly higher due to extrinsic losses associated with structural imperfections typical for thin films. The series resistance R s ¼ 5.5 X in our BAW-SMR test structures is mainly composed of the contact resistance between the probe tips and the Al top electrodes R c % 4.8 X. This indicates that the R s is rather an artifact of the measurements but not an intrinsic BAW-SMR parameter. In a more complex BAW-SMR design, with Au leading electrodes, the R s can be reduced below R m and, correspondingly, the Q s can approach the Q m values. It can be seen that the Q m % 220 at 14 V, which results in the product Qf % 920 GHz. It is among the highest reported so far for the intrinsically tunable BAW resonators. It is much higher than that of varactor based tunable LC resonators. Our resonators already may be used in voltage controlled oscillators and some tunable filters instead of LC tanks. 21 However, the Q-values are still lower than those required for applications in microwave transceiver front ends. Fig. 6 reveals a rather linear dc bias field dependent Q m , indicating that it can be significantly improved by increasing the BF-BT film breakdown field. On the other hand, modeling of the surface roughness induced attenuation of reflected acoustic waves using the measured BF-BT film surface roughness g rms ¼ 12.5 nm gives Q sc ¼ 340. 22 This means that our BF-BT BAW-SMR Q-factor is mainly defined by acoustic losses associated with wave scattering upon reflection from the relatively rough top interface. Our preliminary analysis indicates that the BF-BT film surface roughness is mainly defined by the faceting tips of (111) oriented columnar grains. The amount of these grains can be controlled by changing the substrate position with respect to the plume axis during deposition. Thus, future plans include the improvement of the quality of the BF-BT films and interfaces in terms of the breakdown field, roughness, and optimization of the electrode design. 
